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FOREWORD 
This final report was prepared by TRW Systems Group, Redondo Beach, 
California. 
period April 13, 1970 t o  January 13, 1971, under NASA Contract NAS 7-787, 
t i t l e d  "Study of the Formation and Behavior of Clogging Material in 
Propellants." The propellants, liquid diborane and liquid oxygen d i -  
f luoride,  studied under th i s  program were flowed t h r o u g h  small con- 
s t r ic t ions  t o  determine i f  flow clogging could be par t ia l ly  or fu l ly  
in i t ia ted .  The program was originated and technical management provided 
by the J e t  Propulsion Laboratory, Pasadena, California, under the 
direction of Mr. Louis R .  T o t h .  The NASA Program Manager was Mr. Frank 
E. Compitello, Code R P L ,  Office of Advanced Research and Technology; 
National Aeronautics and Space Administration, Washington D.  C. 
I t  contains the resul ts  of work accomplished d u r i n g  the 
The work performed on the program was accomplished by the Science and 
Technology Division of TRW Systems Group. Technical direction of the 
program was provided by the Chemical Propulsion Department of the 
Combustion Systems Laboratory. 
Responsible technical personnel were Dr. E. A.  Burns, Mr. J .  R.  Denson and 
Dr. J .  Neff of the Chemical Research and Services Department, Mr. J .  L. 
Reger of the Materials Science Department, and Mr. M. J .  Makowski of the 
Chemical Propulsion Department. Mr. C.  E. Armstrong of the Product Design 
and Analysis Department was responsible fo r  instrumentation. 
The program manager was Mr. R.  J .  Salvinski. 
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1.0 INTRODUCTION AND SUMMARY 
T h i s  report represents the resul ts  of the work performed under NASA 
Contract NAS 7-787 t o  investigate the behavior of diborane and oxygen 
in which nitrogen tetroxide was flowed through small constrictions showed 
the propellant t o  form gel-like materials a t  the entrance o f  the constric- 
t i o n  resulting i n  flow decay and, i n  many cases, complete blockage. The 
nitrogen tetroxide clogging material was identified as a gel which formed 
a powdery residue upon drying i n  a i r .  The powder contained i r o n  which 
was believed t o  be the impurity which acted as a nucleation s i te  for  the 
precipitation of the gel-1 i ke material. 
difluoride propellant flow through small constrictions. Earlier work (1 2) 
Additional work was performed flowing hydrazine propellant t h r o u g h  
capi 11 a r ies .  (3) 
the formation of gel or viscous material. Several runs flowing neat 
diborane and neat oxygen difluoride t h r o u g h  a 0.010 inch diameter capillary 
were also made. (3) 
No apparent flow anomalies were found a t t r ibutable  t o  
No evidence of flow anomalies were found. 
This program was designed t o  continue the e a r l i e r  e f for t s  with diborane 
and oxygen difluoride t o  determine the effects  of temperature conditioning 
and propel 1 ant aging on these propel 1 ants f 1 owi ng t h r o u g h  ori  f i ces f i 1 t e r s  
and acquisition screens. The propellants were a r t i f i c i a l l y  doped and were 
cooled prior t o  entering the t e s t  section. The propellant flow t e s t  con- 
d i t i o n s  were designed t o  represent o r  exceed the velocity and temperature 
extremes tha t  would be experienced under actual space f l i gh t  conditions. 
A summary of the contractual requirements are presented i n  the following 
sections. 
(1) "Investigation of the Formation and Behavior of Clogging Materials 
i n  Earth and Space Storable Propellants," Interim Report 
081 13-6007-ROOO, October 1967. 
i n  Earth and Space Storable Propellants," Interim Report 
081 13-601 6-ROOO, October 1968. 
i n  Earth and Space Storable Propel 1 ants Final Report 
081 13-6025-ROOO, November 1969. 
( 2 )  "Investigation of the Formation and Behavior of Clogging Materials 
(3) "Investigation of the Formation and Behavior of Clogging Materials 
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1.1 PURPOSE AND SCOPE 
I t  was the purpose of t h i s  program to- invest igate  liquid propellant 
clogging behavior under varying flow conditions and t o  determine the 
formation of clogging material and i t s  e f fec t  on the behavior of the 
propel 1 ant  f 1 ow. 
Emphasis was t o  be placed on the characterization and behavior under flow 
conditions of the space storable propellants oxygen difluoride (OF2) 
and d i  borane ( B2Hs). 
The scope of the e f fo r t  for  investigation of l iquid propellant clogging 
behavior of oxygen difluoride (OF2) and diborane (82H6)  included the 
inclusion of small constriction type elements in the flow studies.  
and doped propellants were to  be flowed and the character3zation of the 
propellants were to  be determined. 
Mat  
1 . 2  EXPERIMENTAL STUDY 
The laboratory tes t ing concentrated on the flow behavior and characteriza- 
tion of oxygen difluoride ( O F p )  and diborane (BZH6) .  
Design parameters considered are typical of or  scalable t o  those i n  real 
systems and components. 
1.2.1 Propellant Flow Testing 
Flow test ing was performed t o  determine the extent and behavior of flow 
degradation and clogging of small clearances under propellant flow con- 
dit ions.  Oxygen difluoride and diborane were flowed through selected 
components under conditions of varying temperature and velocity. These 
components included a f i l t e r ,  acquisition screens and an o r i f i ce  t e s t  
section; the measurements made d u r i n g  flow were pressure, temperature 
and flow rate .  
1.3 SPECIFIC TASKS 
The summary of specific tasks accomplished on t h i s  program i s  presented 
in Table 1-1. 
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Table 1-1. Summary o f  S p e c i f i c  Tasks 
NAS 7-787 Study o f  t h e  Formation and Behavior 
o f  Clogging Ma te r ia l  i n  P rope l l an ts  
Per iod A p r i l  1970 t o  December 1970 
OBJECTIVE: Determine the  f l o w  behavior o f  B2H6 and OF2 p r o p e l l a n t s  
f l ow ing  through small c o n s t r i c t i o n s .  
1. B2H6/0F2 FLOW SYSTEM - Design and Fabr icate Flow Bench 
f o r  B2H6 and OF2 Service 
A. Closed Loop System E. Test Sect ions 
B. A l l  Metal System a) .010" and .020" O r i f i c e  
C. P o s i t i v e  Expuls ion b) 2p Nominal - 1011 Absolute 
D. Temperature Condi t ion ing c )  1011 Absolute A c q u i s i t i o n  Screen 
F. Instrumentat ion:  AP, T, \;r 
2. B2H6 FLOW TESTS - Flow B2H6 Through Small Cons t r i c t i ons  t o  
Determi ne F1 ow Behavior. 
A. B2H6 P rope l l an t  
B. Neat B2H6 
C. Doped B2H6 
Charac te r i za t i on  
D. Test Sections 
a) .010" Diameter O r i f i c e  
b) .020" Diameter O r i f i c e  
c )  2p  Nominal - l o p  Absolute 
a) S ta in less  Steel  Oxides d)  lop  Absolute A c q u i s i t i o n  Screen 
b) Aluminum Oxides E. Temperature Conditioned 
d)  Te f l on  T-5B DuPont 
c )  Petroleum Ether -6OOF t o  -240OF 
Resi n 
3 .  OF2 FLOW TESTS - Flow OF2 Through Small Cons t r i c t i ons  t o  
Determine Flow Behavior. 
A. OF2 Prope l l an t  D. Test  Sections 
Charac te r i za t i on  a) .010" Diameter O r i f i c e  
B. Neat OF2 b) .020" Diameter O r i f i c e  
C. Doped OF2 c )  2 p  Nominal - 101.1 Absolute 
a) Sta in less Steel  Oxides d) 1011 Absolute Acqu is i t i on  Screen 
b) Aluminum Oxides E. Temperature Conditioned 
-18OOF t o  -24OOF 
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1.4 SUMMARY AND CONCLUSIONS 
1.4.1 Diborane Propellant Flow Tests 
Approximately one hundred flow tests were conducted flowing 1 i q u i d  diborane 
through a 0.010" diameter and a 0.020" diameter o r i f i c e ,  a 211 nominal - 1011 
absolute rated f i l t e r  and a 1011 absolute rated acquisition screen. 
diborane propellant used was both neat and doped and flowed under bo th  
isothermal and changing temperature (chi 11 i n g )  conditions . The dopants 
used were oxides of s ta inless  s t e e l ,  oxides of  aluminum, low molecular 
weight hydrocarbons and finely divided Teflon. Temperature was varied 
from -6OOF t o  -240°F f o r  several experiments. 
The 
No evidence of flow decay or  blockage of  any t e s t  section was found. 
variations as h i g h  as 20% w i t h i n  a single r u n  were noted fo r  several runs 
where temperature conditioning was employed. The probable cause of these 
variations i s  believed t o  be changes i n  viscosity of the diborane. 
the average t e s t  r u n  flow variations were w i t h i n  10%. 
tions occurred over short  durations of the total  r u n  time and no evidence 
or trends could be established indicative of  flow decay o r  flow clogging. 
Within the t e s t  conditions reported i t  i s  concluded tha t  diborane does 
n o t  exhibit  flow anomalies caused by the formation of clogging materials 
or  any polymorphic changes inherent i n  the liquid diborane. 
Flow 
For 
However, the varia- 
1.4.2 Oxygen Difluoride Propellant Flow Tests 
Liquid oxygen difluoride flowed through a 0.010" diameter o r i f i ce ,  a 2-lop 
f i l t e r  and a lop acquisition screen showed no evidence of flow clogging 
or flow decay. The propellant was r u n  bo th  neat and doped fo r  the or i f ice  
and f i l t e r  test  runs. 
screen. Temperature conditioned runs ranged from -180°F t o  -240°F. 
Approximately a 10% variation i n  flow was noted d u r i n g  a single r u n  for  
several runs. Some d i f f icu l ty  was experienced in controlling flow. In 
several runs flow ra t e  increased and then decreased and increased again 
indicating e r r a t i c  flow control. 
flow bench o r  instrumentation. 
responsible causing changes in density and viscosity. However, in a l l  cases, 
no trends were apparent which indicated flow clogging or  flow decay behavior 
of oxygen di f 1 uori de. 
Neat propellant was flowed through the acquisition 
The flow control may be inherent in the 
Temperature variations may have been 
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2.0 PROPELLANT FLOW SYSTEM 
2.1 FLOW SYSTEM DESIGN 
The flow bench system schematic is  shown in Figure 2-1. The flow bench 
system depicted in Figure 2-1 was installed i n  a temperature controlled 
t e s t  chamber. 
hardware and the t e s t  chamber. Operating conditions and bench components 
are summarized under Table 2-1. The t e s t  chamber was cooled by flowing 
chi 1 led nitrogen through two twelve-inch, high speed fans causing the 
nitrogen t o  disperse throughout  the chamber. This allowed the flow bench 
system t o  be uniformly cooled t o  the desired operating temperatures. 
Figures 2-2 and 2-3 are photographs of the flow system 
The flow bench was designed t o  include a heat exchanger t o  temperature 
condition the propellants during flow. The flow bench is an a l l  metal 
system and no polymers are used where propellants contact the system. 
The supply tank consists of a bel lows pressurized externally w i t h  he1 ium. 
The propellant expelled from the bellows i s  flowed through the heat 
exchanger prior t o  entering the t e s t  section. After leaving the t e s t  
section the propellant i s  fed t o  a receiver tank. The receiver tank i s  
a pressurized bellows identical t o  the supply t a n k .  A detailed description 
of the supply t a n k ,  heat exchanger and t e s t  section is given in the follow- 
i ng sections. 
2.2 SUPPLY TANK DESIGN 
The propellant supply t a n k  consists of  a calibrated bellows type accumulator. 
An identical accumulator is used for the receiver. T h i s  allows a completely 
closed propellant system during testing. The bellows is an edge welded 
convoluted design and is fabricated of 347 s ta inless  s tee l .  A rod is  
provided a t  the moving bellows head t o  allow attachment of the LVDT pos i t i on  
monitoring device. The bellows stroke is 10 inches for an expulsion of 
approximately 1 l i t e r  of propellant. Cavities are provided in the accumulator 
base t o  hold three e lec t r ica l  heaters. These heaters were used t o  tempera- 
ture condition the propellant in the supply t a n k  t o  the desired value before 
s tar t ing a flow run. 
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Figure 2-2. Flow System Mounted i n  the  
Environmental Chamber 
Figure 2-3. Closeup View o f  Flow System 
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Table 2-1. Operation Conditions and Bench 
Components for  Flow Decay Studies 
Environmental Test Chamber 
Bemco Inc. 
Temperature 
Expected Temperature Control 
Pressurant Gas Range 
Pressurant Gas 
Maximum Operating Pressure 
Propellant Holding Tank 
Capacity 
Ma t e r i  a 1 
Receiver Tank 
Capacity 
Material 
Remote Control Valve 
Hand Operated Valves 
Line Tub ing  
Line Fi 1 t e r s  
Pressure Transducers 
40 cu. f t .  box 
-1 40°C 
- + 4" a t  -140°C 
>300 p s i g  
He1 i um 
300 psi 
1 l i t e r  
Stainless s teel  
1 l i t e r  
Stainless s teel  
1/4 i n .  Hoke 477 ser ies  bellows 
valve; copper seats 
Hoke 4214 bellows valve; 305 
s ta inless  s teel  seats 
304 ser ies  1/4 i n .  x .028 i n .  wall, 
305 s ta inless  steel  AN f lared f i t t i n g s  
w i t h  305 s ta inless  s teel  conical sea l .  
1/2 i n .  AN f i t t i n g  in-line f i l t e r s ,  
wire mesh 316 s ta inless  s teel  
Taber Tel edyne N .  Tonawanda N .  Y . 
0-300 psi range, Model 254 
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2.3 HEAT EXCHANGER DESIGN 
A heat exchanger was designed t o  temperature c o n d i t i o n  the  p r o p e l l a n t  f l o w  
from the  storage r e s e r v o i r  temperature t o  the  des i red  t e s t  sec t i on  tempera- 
tu re .  E l e c t r i c a l  heaters were used f o r  temperature con t ro l .  These heaters 
a l l ow  any des i red  p r o p e l l a n t  o u t l e t  temperature, t o  the  maximum c o o l i n g  
l i m i t s  o f  t he  exchanger t o  be preset  and maintained before p r o p e l l a n t  f l o w  
i s  i n i t i a t e d  as w e l l  as du r ing  a f l o w  run. 
The heat exchanger i s  used as fo l lows:  The p r o p e l l a n t  i s  conta ined i n  a 
0.125 inch  s t a i n l e s s  s t e e l  d iameter tube which i s  h e l i c a l l y  wound i n t o  
grooves i n  the  exchanger's c e n t r a l  mandrel. Cool ing i s  prov ided by a 
counter f low o f  c o l d  N2 gas and/or l i q u i d  n i t rogen.  
f lows i n  h e l i c a l  channels and i s  vapor ized and heated by e l e c t r i c a l  heaters.  
The heater power i s  c o n t r o l l e d  t o  ma in ta in  the  p r o p e l l a n t  o u t l e t  temperature 
a t  the des i red  l e v e l .  An ou te r  c y l i n d e r  conta ins the  N2 f l ow  and forces 
e f f e c t i v e  heat t r a n s f e r  between the  N2 and the  0.125 i n c h  diameter p r o p e l l a n t  
t u  be. 
The l i q u i d  n i t rogen  
2.4 DESCRIPTION OF THE TEST SECTIONS 
The t e s t  sec t i on  was designed t o  a l l ow  changing o r i f i c e  s izes and f i l t e r s  
and screen w i t h  r e l a t i v e  ease and t o  ho ld  the  ou tpu t  temperature and 
pressure ins t rumenta t ion  po r t s .  
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cross.  The body and i n s e r t s  a re  304 CRES. The o u t l e t  thermowell sensing 
area i s  p laced i n  the  o u t l e t  j e t  o f  t he  o r i f i c e  t o  a l l ow  measurement o f  
o u t l e t  f l u i d  temperature. 
one p ipe  diameter downstream o f  the  o r i f i c e ,  This  i s  one o f  the  standard 
measurement l oca t i ons  used i n  o r i f i c e  flowmeters. 
A cross-sect ional  view i s  shown i n  F igure 
The t e s t  sec t i on  body i s  manufactured from a 1/4- inch tube s i z e  AN 
The pressure and temperature taps were placed 
Pressure t ransducers were i s o l a t e d  from the  ambient cond i t ions  i n  the  
environmental t e s t  chamber by an i nsu la ted  box he ld  a t  -6OOF. 
al lowed the  transducers t o  operate a t  a temperature w i t h i n  the  manufac- 
t u r e r ' s  s p e c i f i c a t i o n s  b u t  a t  a temperature low enough t o  prevent p y r o l y s i s  
o f  the  diborane. 
Th is  
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Figures 2-5 th rough  2-7 show the detailed t e s t  sections used in the program. 
The 2-1011 f i l t e r  was purchased from the Western F i l t e r  Co. P/N S4-19310-2, 
and designed t o  be instal led i n  a 1/4 inch AN f i t t i n g .  The acquisition 
screen was a twilled dutch weave type 304L, 375 x 2300 mesh, 1011 absolute 
rating . 
FLOW 
__l__jt 
.OlO" DIA 
.020" DIA 
I- -{ .06" 
Figure 2-5. Orifice Test Section 
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304 STAINLESS STEEL SEAL 
-FLOW 
Figure 2-6. 2-lop Filter Test Section 
FLOW - .08 
ACQUISITiON SCREEN 
304 L STAINLESS STEEL 
375 X 2300 MESH 1Ou ABSOLUTE 
TWILLED DUTCH WEAVE 
Figure 2-7. 1 0 ~  Acquisition Screen Test Section 
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3.0 DIBORANE FLOW STUDY 
3.1 INTRODUCTION 
The scope of the e f fo r t  t o  investigate l iquid B2Hs propellant clogging 
behavior included determining the flow character is t ics  of liquid diborane 
through ori  f i ces, screens and f i 1 t e r s  . Approximately one hundred experi - 
ments were conducted under conditions of changing temperature, velocity, 
and propellant. Temperature conditioning of the l iquid diborane during 
the flow experiments included experiments in which diborane was chil led 
in a heat exchanger in the range from - 6 O O F  t o  -240'F t o  determine whether 
possible precipitates in i t ia ted  by chi l l ing contribute t o  any flow anomalies. 
Neat and doped diborane were flowed through or i f ices  and a f i l t e r .  
Neat diborane was flowed t h r o u g h  the acquisition screen. 
3.2 CHARACTERIZATION OF PROPELLANTS 
B2Hg i s  made commercially by the reduction of boron halides ( B C 1 3  or BF3) 
or trimethyl borate [B(OCH3)3] .  
hydrides, sodium hydride (NaH) and lithium hydride ( L i H ) .  
complex hydrides are also involved in the halide synthesis. 
sodium borohydride (NaBH4) and 1 ithium borohydride ( L i B H 4 )  are intermediates 
i n  these syntheses. Solvents are hydrocarbon ethers;  diethyl e ther ,  
dimethyl ether of ethylene glycol (CH30CH2CH20CH3) and dimethyl e i ther  of 
diethylene glycol [CH30(CH2CH20)2CH3]. 
T h i s  reduction i s  accomplished with metal 
Intermediate 
For example, 
Most of the reactants, products and solvents, except the boron halides, 
are much less  vo la t i le  t h a n  B2H6 and can readily be separated from B2Hg 
by simple fractionation. The boron halides are very unstable in the 
presence of the excess metal hydrides used i n  the syntheses and are  
completely reacted. The ethers,  however, are sometimes reduced t o  satu- 
rated hydrocarbons, methane and ethane, and are trace contaminants in 
B2H6' 
3-1 
The major producer of 82H6, Callery Chemical Corporation, now uses the 
halide method of producing small quantit ies of 82H6 ( l )  (quantit ies of 
200 pounds) and will use the other method, reduction of trimethyl borate, 
for tonnage quanti t i e s .  Therefore, impurities are 1 i kely to  be different  
i f  the demand for  82H6 changes. 
is guaranteed t o  be 96% o r  bet ter  (B2Hs liquid expanded to  the gas phase) 
w i t h  the major impurity b e i n g  H2 gas and traces of hydrocarbons. 
n o t  unusual t o  obtain B2H6 of 99+% purity. 
possible because B2H6, i f  allowed t o  contact surfaces near ambient tempera- 
ture,  can decompose t o  produce hydrogen and higher molecular weight and less  
vo la t i le  boron hydrides; the most common being tetraborane, B 4 H l 0 ,  which can 
further react to  form higher boron hydrides and hydrogen. 
Purity of presently delivered materials 
I t  i s  
This wide range of purity is  
To prevent the formation of higher molecular weight pyrolysis products, 
B2H6, a f t e r  preparation, i s  stored i n  mild s teel  tanks below O°C i n  
quantit ies of 200 pounds. 
from the storage tank by f i r s t  blowing off vo la t i le  impurities, H2 and 
methane, and transferring the B2H6 t o  dry ice  chil led tanks  (1  pound or  
40 pounds) .  
coolant. T h i s  vapor t ransfer  t o  the customer's tank removes most non- 
volat i le  impurities and usually only the most vo la t i le  hydrocarbons, 
methane, ethane and hydrogen, remain in the shipped B2H6. 
Samples prepared f o r  customers are  removed 
These s teel  tanks are shipped to  the customer i n  dry ice 
The s h i p p i n g  tanks are a source of some impurities and the final purity 
of B2H6,  as used, will depend upon the method of removing B2H6 from these 
tanks .  A vapor t ransfer  would again remove most non-volatile impurities; 
b u t  i f  B2H6 is transferred as a l iquid,  the non-volatile impurities will 
not be removed. 
Tanks are cleaned when necessary by a process t h a t  includes a hydrocarbon 
wash (high purity petroleum e ther ) ,  steam cleaning, and vacuum drying.* * 
(' )Mr. Toering, "Private Communications , ' I  November 1969 and June 1970. 
*Halogenated solvents (freons) for  cleaning are avoided because of 
shock sens i t iv i ty  w i t h  82H6. 
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T h i s  would introduce petroleum ether  contaminahts, metal oxides, and water, 
Unless the delivery tank is  sampled as a vapor rather than as a l i q u i d ,  
these contaminants remain and could cause blockage i n  small orifices. 
The reaction o f  metal oxides i n  the storage tank wi th  B2H6' a strong 
reducing agent, has been observed(2) w i t h  s ta inless  steel oxides. These 
and the more noble metal oxides have always been considered potentially 
dangerous sources of exothermic reactions of B2H6 w i t h  the oxygen, as shown 
w i t h  a metal oxide, MO, i n  Equation (1). 
or w i t h  metal hydroxides as shown i n  Equation (2). 
Other possible reactions i n  the tanks include the reaction of trace 
quantit ies of water w i t h  B2H6 t o  produce boric acid as shown i n  Equation 
(3) or O2 w i t h  B2H6 t o  produce boric acid as shown i n  Equation (4 ) .  
Equations (1)  and (3) probably account for  most of the hydrogen i n  tanks 
kept a t  temperatures below -20OC for periods of 1-12 months. 
Production of high molecular weight boron hydrides i n  chil led B2H6 is a 
slow process and has n o t  been properly evaluated. The conventional yellow 
solids (BH), produced by h i g h  temperature pyrolys s of B2H6 could cause 
d i f f icu l ty  i f  present, b u t  the formation of these solids is  assumed t o  be 
minimal i n  equipment used under normal conditions fo r  storage o f  l i q u i d  B2H6. 
'ZII'Investigation of the Formation and Behavior of Clogging Material i n  
Earth and Space Storable Propel 1 ants  , ' I  Fi nal Report 081 13-6025-R000, 
November 1969. 
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Summarizing , the impur i t i es  bel  ieved present and 1 i ke ly  cont r ibu tors  t o  
clogging i n  B2H6 propuls ion systems would be low molecular hydrocarbons 
(which could freeze a t  proposed storage temperatures o f  210-270"R) , 
reac t ion  products o f  metal oxides from the wa l ls  o f  metal containers 
and, i f  used f o r  seals, Tef lon ext ractants  o r  reac t ion  products. Water 
and oxygen should be avoided. 
3.2.1 B2H6 Doping Experiments 
Stainless s tee l  tub ing and tankage, as we l l  as f i b e r  re in forced aluminum 
tanks, appeared t o  be a t t r a c t i v e  as const ruct ion mater ia l .  Therefore, 
dopants selected were hydrocarbons , sta in less  s tee l  oxides , and aluminum 
oxides. These were placed i n  aluminum and s ta in less  s tee l  tanks. These 
combinations should encompass most o f  the possible sources of contaminants 
which might i n t e r a c t  t o  produce clogging. Dopants selected and storage 
tanks are 1 i s t e d  below i n  Table 3-1. Tef lon was chosen as a dopant because 
i t  i s  comnonly used as va lve seats. 
Table 3-1. Storage Containers and Dopants 
For B2H6 Clogging Experiments 
Condi ti on 1 
S . S .  347 
S.S. oxides 
2.0 grams 
t o  pass 325 
mesh screen 
Sampl e Number 
2 
6064-T6 alum. 
Alum. oxides 
S.S. oxides 
1.0 gram each 
t o  pass 325 
mesh screen 
3 
6064-T6 a i  um . 
Low mol ecul a r  
weight hydro- 
carbons 
(Petroleum 
ether,  30 t o  
60"C, Baker 
Reagent Grade) 
4 
6064-T6 a1 um. 
F ine ly  d iv ided 
Tef lon 20/40 Mesl 
(T-5B duPont 
Molding Resin) 
The doping apparatus, a tank which was attached t o  the f low system, i s  shown 
i n  Figure 3-1. This tank was loaded w i t h  diborane and dopant two weeks p r i o r  
t o  the f l ow  tests .  
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The dopants and propellants were conditioned i n  the dopant tanks f o r  two 
weeks a t  -108°F pr ior  t o  testing. 
added t o  approximately 40 cc of diborane. The doped diborane (20-40 cc) 
was introduced in to  the neat diborane (approximately 1000 cc) by flowing 
the entire sample o f  neat diborane through the dopant tank several times 
One t o  two grams of the dopant was 
a t  -240°F. 
test o r i f i c e  section because the dopant t a n k  was capped a t  each end w i t h  
5 micron nominal rated f i  1 ters. 
The large dopant par t ic les  were not permitted t o  enter the 
The tes t  cycle for  doping the B2H6 propellant is  outlined i n  Section 3.3. 
3.2.2 Analysis of Diborane 
Mass spectrometric analyses were performed on samples of diborane from both 
the diborane supply tank and the dopant conditioning tanks. These were 
sampled i n  a special way such as t o  cause a sample of the liquid phase t o  be 
delivered to  the mass spectrometer i n l e t  system. This was done by 
attaching the chil led tank with double valves t o  the spectrometer and 
inverting the tanks t o  deliver only l iquid t o  the exhaust valve a t  the 
lower point on 
a1 so analyzed. 
. for  analyses. 
Constituent 
Hydrogen 
Argon 
Hydrocarbon 
as pentane 
Carbon dioxide 
Methyl ethyl 
ether 
D i  borane 
the t a n k .  
In addition, the diborane gas from the supply tank was 
The resul ts  of these analyses a re  shown i n  Table 3-2. 
Enough liquid was admitted to  the spectrometer 
Table 3-2. B2H6 Analyses i n  Mole % 
Sample 1 Sample 2 Sample 3 Sample 4 
B2H6 Tank 82H6 Tank B2H6-D- B2H6-D- B2H6-D- B2H6-D- 
L iq .  Gas ss A1 HC TE F 
0.00 1.87 5.85 3.56 0.50 0.82 
0.00 0.01 0.00 0.01 0.00 0.00 
0.02 0.05 0.01 0.00 5.99 0.00 
0.01 0.04 0.00 0.00 0.16 0.00 
0.08 0.00 0.00 0.00 0.00 2.11 
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The resul ts  show tha t  Teflon introduced methyl-ethyl ether i n t o  the 
diborane sample. Also, samples 1 and 2 showed more hydrogen gas than 
the other samples. 
e i ther  water, hydroxides, o r  metal oxides t o  produce hydrogen. The 
5.99% hydrocarbon i n  the B2H6 represents the added dopant, petroleum 
ether. 
T h i s  probably comes from reaction of diborane w i t h  
3.3 DIBORANE FLOW TEST PLAN 
The t e s t  plan for  the .010" diameter t e s t  o r i f ice  i s  presented i n  Table 
3-3. The t e s t  procedure and operating conditions are outlined below. 
1 .  Liquid diborane was transferred from the vendor's supply 
tank ( a t  -100°F) to  the t e s t  storage tank a t  -240°F. 
liquid was f i l t e r e d  t h r o u g h  a 7 micron rating f i l t e r  t o  
remove large par t ic les .  
The 
2 .  The diborane was flowed from the storage t a n k  t h r o u g h  the 
0.010" diameter t e s t  o r i f i ce  t o  a bellows receiver t a n k  held 
a t  the lower pressure P1 , P 2 ,  P3 and P4 (Table 3-3). 
3 .  Flow ra te  was determined by recording the position of a 
1 inear variable different ia l  transformer (LVDT) attached t o  
the receiver tank. Any change in flow ra te  was assessed by 
recording the change in EMF/time for  the LVDT. 
4. Temperature conditioning was achieved by heating the storage 
container t o  the required temperature and flowing the liquid 
t h r o u g h  a heat exchanger located upstream of the t e s t  o r i f ice .  
5. The receiver tank pressure was maintained above the satura- 
t i o n  vapor pressure t o  prevent a phase change (l iquid to  gas).  
6. Parameters recorded were t a n k  and receiver pressure and 
temperature, pressure drop and temperature drop across the 
t e s t  ori f i ce. 
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Table 3-3. General Test Plan for the 0.010'' Diameter Or i f i ce  Studies 
Tank 
Temp. 
-24OOF 
- I 
-1 4OoF 
+ 10 - 
-6OOF L -140OF 
AL -6OOF 
I 
+ 10 - 
Test 
Section 
Temp. 
IC1 
-24OOF 
- I 
-24OOF t -1 40°F 
+ 10 - 
- I 
-6OOF 
- I 
- 
I n l e t  
Pressure 
'a 
-
.I- 
Pa = Saturat ion Pressure + 200 psi 
+ 150 psi 
+ 100 psi 
+ 50 psi 
+ 5 psi 
- * 
'1 - ' sa turat ion 
'2 - ' sa turat ion 
'3 - Psatura t ion  
'4 - ' sa turat ion 
- 
- 
- 
Outlet" 
Pressure 
p1 
'2 
p3 
'1 
p2 
'3 
p4 
p1 
'2 
'3 
p4 
p1 
p2 
p3 
Pq 
p1 
'2 
p3 
p4 
__I 
- 
Remarks 
Flow runs w i t h  
temperature condi - 
t ion ing  i n  the  heat  
exchanger 
F1 ow runs wi t h  
temperature condi - 
t ion ing  i n  the heat  
exchanger 
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The doped B2H6 propellant used i n  the flow runs i s  defined i n  Table 3-1. 
Table 3-4 is  the dopant schedule used fo r  the Bpi$ flow runs. In a l l  
cases, the dopants were added t o  neat B2H6 indicated i n  the sample number 
defined i n  Table 3-1. The B2H6 propellants doped according t o  these 
samples were flowed through the different  t e s t  sections varying flow 
velocity and temperature. 
Table 3-4. B2H6 Propellant Run Schedule 
Test 
Series 
1 
2 
3 
4 
5 
6 
7 
8 
9 
Test Section 
0.01 0" Diameter Ori f i ce 
0.010" Diameter Orifice 
0.010" Diameter Orifice 
0.01 0" Diameter Orifice 
0.010'' Diameter Orifice 
0.020" Diameter Orifice 
2-lop Fi l te r  
2-lop F i l t e r  
101-1 Acquisition Screen 
F1 ash 
Di s ti 1 1 ed 
B2H6 
X 
7
Neat 
B2H6 -
X 
X 
X 
X 
X 
X 
X 
X 
B2H6 Sample Number 
(see Table 3-1) - 
1 - 
X 
X 
X 
X 
- 
- 
2 - 
X 
X 
X 
- 
- 
3 - 
X 
X 
I 
1111 
4 
1111 
X 
X 
X 
I 
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3.4 FLOW BENCH CLEANING PROCEDURE 
Cleaning of the i n d i v i d u a l  components included a Freon and acetone wash. 
After assembly the flow bench was cleaned us ing  the following procedure: 
1 .  F l u s h  w i t h  demineralized water 
2. Isop.ropy1 alcohol wash 
3. Vacuum dry 
4, Freon wash w i t h  t r i ch loro t r i f  luoroethylene. (Precision 
Cleaning Agent, NASA Specification 273-A). 
5. Vacuum dry. 
During the above cleaning the water and alcohol solutions were cycled 
and f i l t e r ed  through a f i l t e r  unti l  no par t ic les  above 50p were found. 
The f i l t e r  used was a millipore f i l t e r  rated a t  15p nominal. The f i l t e r  
residues were examined w i t h  a microscope d u r i n g  several runs of the wash 
cycle. 
3.5 LEAKAGE CHE.CK PROCEDURES 
Gaseous helium purge followed by helium pressure testing a t  200 ps ig  was 
the procedure used. Leakage was moni.tored us ing  a helium leak detector. 
3.6 DIBORANE FLOW TEST RESULTS 
Forty selected diborane flow run  test resul ts  are presented i n  Tables 3-5 
to  3-14. The flow data showed no evidence of blockage or flow decay under 
a l l  conditions of propellant conditioning for  the three types of constric- 
tions tested (or i f ices ,  f i l t e r s ,  screen). After the t e s t s  were terminated 
and the test  section removed, no observable residues were noted. 
Several flow runs made w i t h  the lop acquisition screen are not  reported. 
In these ser ies  flow decay was measured, b u t  l a t e r  was found due t o  a 
valve fai lure .  The two flow runs reported i n  Table 3-5 were flowed w i t h  
f lash d i s t i l l e d  diborane. This propellant was not planned i n  the original 
schedule and were special runs made to  verify the apparent flow decay i n -  
advertently due to  a valve fa i lure .  
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Variations noted i n  the average flow t e s t  data were, i n  most cases, under 
10% for a single run.  A few-variations were noted approaching 20%. These 
larger variations were noted where the propellant was temperature condi- 
tioned. The large temperature transients may have caused changes i n  
viscosity which effects  flow, especially through the main l ines ,  I t  was 
not  possible t o  determine the exact cause o f  these flow anomalies. However, 
the anomalies showing a 20% variations were localized and no flow decay 
trends could be established. 
The range of propellant velocit ies can be determined for the or i f ices  
tested. The diborane velocity us ing  the 0.010" diameter or i f ice  t e s t  
section ranged from approximately 100 f t / sec  t o  approximately 200 f t / sec  
through the 0.010" diameter hole. 
neat B2H6 through the 0.010" diameter or i f ice  (Table 3-6), the velocity is 
calculated t o  be about 100 f t / sec  for the 2.0 cc/sec flowrate. Reynolds 
Number i s  about  lo5 based on a kinematic viscosity of 7 x f tz /sec.  
For the larger flowrates ( 4  cc/sec) Reynolds Number is about 2.0 x 10 
Velocity is  considerably lower for  diborane u s i n g  the other t e s t  sections; 
the flow area being much larger. 
Using the data from r u n  number one flowing 
5 
The data reported i n  Tables 3-5 t o  3-14 are p o i n t  data taken from strip 
chart recorders. These data were from representative runs covering the 
range of velocit ies,  temperatures, and propellants flowed through the three 
types of constrictions i n  accordance w i t h  the flow schedule of Table 3-4. 
Visual examination of a l l  the runs plot ted on the strip chart were care- 
ful ly  made and no evidence of flow decay o r  clogging behavior could be 
found. W i t h i n  the t e s t  conditions reported, i t  was concluded tha t  diborane 
d i d  not  exhibit any flow anomalies w i t h i n  a 10% variation. 
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4.0 OXYGEN DIFLUORIDE FLOW STUDY 
4.1 INTRODUCTION 
The scope of this e f f o r t  included testing the behavior of l i q u i d  oxygen 
difluoride propellant flowed through t e s t  sections made up of a .010 inch 
diameter o r i f i ce ,  a 2-lop f i l t e r  and a lop screen. 
each t e s t  section is detailed under Section 2.0. 
conducted i n  the temperature range of -180°F t o  -240°F and pressure range 
from 200 t o  300 psig.  Both neat and doped propellants were used w i t h  the 
.010 inch diameter o r i f i ce  t e s t  section. Neat OF2 was flowed through the 
f i l t e r  and acquisition screens. 
flow was accomplished by passing the propellant through a heat exchanger 
located just upstream of the t e s t  section. 
to  -240°F f o r  several experiments. 
The description of 
Flow experiments were 
Temperature conditioning o f  the OF2 d u r i n g  
The OF2 was chil led from -18OOF 
4.2 CHARACTERIZATION OF PROPELLANTS 
Liquid oxygen difluoride was made by condensing the gas from the manufac- 
t u re r ' s  supply tank (Allied Chemical Corp.) without fur ther  characterization. 
Previous studies a t  TRW(') showed liquid prepared by this method t o  be 
essent ia l ly  f ree  of Tyndall e f fec t  b u t  could be caused t o  form a precipitate 
on part ia l  evaporation o f  the l iquid.  T h i s  precipi ta te  redissolved on 
addition of more OF2 o r  could be caused to  dissolve by heating the liquid. 
The normal impurities COP, HF and SiF4 were shown(') to .  be of limited 
solubi l i ty  i n  l iquid a t  the proposed space environment storage range of 
-230°F. 
OF2 w i t h  l iquid nitrogen coolant a t  -322°F and showed very l i t t l e  Tyndall 
effect .  
l iquid or  sol id  phase a t  -322°F. 
Under this program the l iquid propellant was formed by condensing 
The other impurity i n  OF2 i s  CF4 and d i d  not form an insoluble 
(1) "Investigation of the Formation and Behavior of Clogging Material i n  
Earth and Space Storable Propellants," TRW Systems Final Report No. 
08113-6025-R000, Contract NAS 7-549, November 1969. 
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OF2 can react w i t h  metal , M, or  metal oxide, MO, surfaces according to  
Equations (1) and (2) .  
surface according t o  Equation (3) and then be reformed according t o  
Equation (4) .  
If present as  an impurity HF can react w i t h  metal 
2 OF2 + 2M -2MF2 + O2 
2 F2 + MO -MF2 + O2 
2 HF + M - MF2 + H2 
2 H2 + OF2 - - 2HF + H20 
If water is  present on metal surfaces, H F  could be formed according t o  
Equation (5).  
H20 + OF2 - 2 H F  + O2 
4.2.1 OF2 Propellant Dopants 
The dopants selected for  the OF2 propellant flow tests 
of s ta inless  s teel  and the oxides of aluminum. 
The dopants mixed w i t h  neat OF2 are shown i n  Table 4-1. 
the oxlues 
Table 4-1. Dopants for  OF2 Clogging Tests 
I Sample Number I 
Dopant Tankage s. s. 347 
Dopant S. S. oxides 
2.0 grams t o  
pass 325 mesh 
screen 
6064-T6 A1 umi num 
A1 umi num oxides 
S .  S. oxides 1.0 
grams each t o  
pass 325 mesh 
screen 
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The l i q u i d  O F p  (condensed from the vendor's tank) was conditioned just 
prior t o  the flow tests by flowing the propellant through the dopants for 
a period of 15 t o  20 minutes a t  -240°F several (8 to  10) times. The design 
of the dopant t a n k  is described i n  Section 3.0. 
4.3 TEST PLAN 
The overall test  p lan  for oxygen difluoride was similar for t h a t  of diborane. 
Details of the t e s t  plan are shown i n  Table 4-2. 
The t e s t  sequence for the or i f ice ,  screen, f i l t e r  and dopants was as  follows: 
1. The 12 experiments l i s ted  i n  Table 4-2 were performed w i t h  
each type of test  section. 
2. The same ser ies  of 12 experiments were repeated w i t h  the 
10 mil or i f ice  u s i n g  a doped oxygen difluoride supply. 
Dopant was s ta inless  steel  oxides 2.0 grams (which passed 
325 mesh screen) i n  a s ta inless  s teel  tank.  
3 .  Repeat of ( 2 )  above w i t h  a mixture o f  A1203 and s ta inless  
s teel  oxides 2.0 grams total  (which passed a 325 mesh screen) 
i n  an aluminum tank. 
Dopant was supplied t o  the liquid oxygen difluoride i n  the same manner 
as w i t h  diborane. 
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Table 4-2. General Test Plan for OF2 
(Orifice, Screen and F i  1 ter)  
Run 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
- Supply Tank Temp. O F  
-180 - + 10 
Test Section 
Temp. O F 
Inlet 
Pressure 
-240 - + 10 
1 
-180 + 10 
i 
9 
- 
Outlet 
Pressure - 
'1 
p2 
'3 
'4 
'1 
'2 
'3 
p4 
'1 
'2 
'3 
p4 
- 
Remarks 
normal 
experi - 
men t 
- 
t 
i 
normal 
experi - 
ment 
t 
Pa = saturation pressure + 200 psi 
'I - 'saturation 
'2 - 'saturation 
'3 - 'saturation 
'4 - 'saturation 
pressure + 150 psi 
pressure + 100 psi 
pressure + 50 psi 
pressure + 5 psi 
- 
- 
- 
- 
*These four (4) temperature conditioning experiments (Runs 5-8) i n  which 
LN2 was used as coolant delivered OF2 t o  the test  section a t  about -240°F 
t o  -250OF depending upon the pressure. 
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4.4 CLEANING PROCEDURE 
The flow t e s t s  w i t h  OF2 followed the B2H6 testing. The cleaning procedure 
was designed to  remove boron hydride and boric acid residues. This 
i ncl uded : 
1. Deionized water rinse 
2. Isopropyl alcohol rinse 
3 .  Vacuum dry 
4. Freon cleaning w i t h  trichlorotrifluoroethylene 
(Precision Cleaning Agent, NASA Specification 273-A) 
5. Vacuum dry 
6. Passivation u s i n g  a gas mixture of 80% fluorine and 20% 
oxygen. 
4.5 LEAKAGE PROCEDURE 
The leakage procedure included a gaseous helium purge followed by leakage 
check u s i n g  a helium leak detector. 
4.6 OF2 FLOW TEST RESULTS 
Tables 4-3 through 4-7 represent the resul ts  of the OF2 flow test data,  
The flow data represents OF2 flowed through the .010" diameter o r i f i ce ,  
the 2-1011 f i l t e r  and the lop acquisition screen. The propellant OF2 
was run isothermally as well as temperature conditioned by chi l l ing the 
propellant prior to  entering the t e s t  sections. 
Four anomalies indicating flow had decreased were noted fo r  the lop 
acquisition screen using neat OF2 (See Run Nos. 5,6,7 and 8 of Table 4-7), 
temperature conditioned from -180°F t o  -240°F. The flow rate decreased 
more than 30% to  about 60% of maximum flow rate .  The flow decrease was also 
indicated by a large decrease i n  the AP across the t e s t  section. 
the upstream section i n l e t  pressure decreased w i t h  decreasing AP. T h i s  
indicated tha t  the flow decrease was caused by conditions upstream i n  the 
system, possibly due t o  temperature conditioning a t  the heat exchanger. 
However,, 
4- 5 
A valve fa i lure  found dur ing  flow of the diborane propellant is also suspect. 
The valve f a i lu re  was characterized by a slow closing of the valve sea t  
and was due to  a leak i n  the dome loaded actuator. 
For those runs us ing  the acquisition screen and when temperature remained 
constant, no observable flow anomalies occurred. For most o f  the OF2 runs 
flow variations of 10% o r  more were common, believed resulting from 
variations i n  density due t o  temperature. 
flow increase was noted, however, the AP was relat ively unchanged, since 
approximately 10% flow variations also occurred when flowing diborane. 
is believed these anomalies were inherent i n  the flow bench system and 
instrumentation. 
4 
In many cases, a 10% or  more 
I t  
Flow velocit ies ranged from 12  f t / sec  t o  approximately 35 ft/sec th rough  
the .010" diameter o r i f i ce  depending on the supply pressures and receiver 
pressure. 
mately 10,000 indicating flow i n  the t ransi t ion region. The Reynolds 
number was based on a kinematic viscosity of 2.0 x ft'/sec, which 
varies only s l igh t ly  fo r  the temperature range of - 1 8 O O F  t o  -24OOF. 
Larger variations i n  density due t o  temperature are reported and range 
from 84.5 l b / f t 3  to  97.0 lb/f t3 ,  corresponding to  -180°F and -240°F, 
respect i vel y . 
Reynolds number for  these velocit ies range from 5000 t o  approxi- 
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